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Abstract— A novel approach for antenna designs 
covering the LTE frequency bands in a mobile handheld 
terminal is proposed. The concept consists of a low-band 
antenna operating in the 700-960MHz band, associated 
with a high-band antenna operating from 1700 to 
2700MHz. The two antennas are separately fed and 
exhibit high port-to-port isolation. The low-band antenna 
is of “coupling element” type, modified to be hollowed. 
The space made available inside this hollow coupling 
element is then used to insert another antenna operating 
in the higher frequency bands. The port-to-port isolation 
between the two antenna feeds is increased using both 
some antenna placement techniques and bandstop 
behaviors of matching networks in the frequency bands 
of interest. Two antenna prototypes are designed, 
manufactured and measured to validate the simulation 
results. The effect of the user is also investigated via S-
parameter and total efficiency measurements.   

 
Index Terms— Handset antennas, Antenna efficiency, 

Antenna input impedance, LTE frequency bands, User 
effect. 

I. INTRODUCTION 
The functionalities expected from handheld terminals have 

been subject to a sustained increase during the past decade. 
The handheld terminals are no longer only a means of 
wireless voice communication but are also used for data 
transfer, video calls and web browsing. From the antenna 
designer's perspective, these newly added functionalities 
mean higher data transfer rates, which in turns requires 
covering more frequency bands with reasonable matching 
and total efficiency. During the past years, the space 
allocated for the antenna has generally remained unchanged, 
despite the need of larger operating bandwidths. With the 
recent introduction of smartphones on the market, this 
situation was more or less preserved because the total 

handheld terminal dimensions started to increase (longer and 
wider printed circuit board). 

Today, a generic handheld terminal antenna should be able 
to cover: 

- 700-787MHz (LTE Bands 12-13-17)  
- 824-894MHz (US Cellular, Band 5) 
- 880-960MHz (GSM900, Band 8) 
- 1.71-1.88GHz (DCS1800, Band 3) 
- 1.85-1.99GHz (PCS1900, Band 2) 
- 1.92-2.17GHz (IMT2100, Band 1) 
- 1.71-2.17GHz (AWS, bands 4-10) 
- 2.4-2.5GHz (WLAN2400, 802.11b/g/n) 
- 2.5-2.69GHz (TDD LTE, Band 41 and FDD LTE, Band 

7)  
which can be grouped into the following dual-broadband 

coverage: 700-960MHz and 1.7-2.7GHz [1]. 
Concerning the typical space allocated for the antenna 

versus the operating wavelength, the antenna behaves as an 
electrically-small radiator in the low frequency band, which 
makes it difficult to function as a wideband antenna 
(typically 30% bandwidth) with reasonable impedance 
matching and acceptable total efficiency. Also, as stated in 
[2-4], the printed circuit board (PCB) ground plane plays a 
major role as a radiator, especially in the lower-frequency 
bands (90% of the total radiation comes from the PCB at 
900MHz and 50% at 1800MHz), which is fully supported by 
the dipole-type vertically-polarized radiation pattern 
observed at low frequencies regardless of the chosen 
antenna-type placed at the edge of the PCB. 

Considering these facts, two types of antennas have 
generally been proposed up to now, for handheld terminal 
antennas covering 700-960MHz and 1.7-2.7GHz. The first 
one is the coupling element (CE), which is a non-resonant 
type antenna, specifically designed to excite proper currents 
(chassis modes) on the PCB ground plane [4-6]. Here, the 
chassis modes are the resonant modes of the metallic part of 
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the PCB structure (ground plane) according to its shape. In 
this antenna-scheme, the currents are induced on the ground 
plane by capacitive excitation and they are obviously 
stronger close to the resonance frequencies of the ground 
plane (which depend on its dimensions). For a 100mm 
ground plane length, the first chassis wavemode 
(longitudinal mode) occurs around 1.1GHz if a 10mm 
distance is set between the coupling element and this ground 
plane. The feeding mechanism of the coupling element is 
similar to the one of a monopole, with no inductive contact 
to the PCB ground plane. In this case, the antenna-structure 
exhibits a low quality-factor and thus high bandwidth 
potential (BP) is obtained. The input impedance of the 
antenna is then tuned to the desired value in the frequency 
band of interest by using a matching network (MN). The 
main drawback of this approach is the need for a tunable or a 
complex matching network if dual-band coverage is needed, 
which increases the losses due to internal resistances of the 
SMD components. Another disadvantage is the necessity to 
keep the region between the coupling element and the 
ground plane clear from any metal components that can 
distort the E-field distribution in this area and thus reduce the 
Bandwidth Potential. Some coupling element designs 
targeting only the GSM/DCS/PCS/UMTS bands with 
relatively complicated matching networks (two MN branches 
connected together) have been already presented in [7-8]. In 
[9], two coupling elements that are separately fed have been 
used for dual-band operation. A tunable Matching Network 
topology for a coupling element has been proposed in [10] to 
cover DVB-H, GSM and UMTS frequency bands. In [11-
12], two designs have been proposed to additionally cover 
the low LTE frequency band starting from 700MHz with still 
a relatively complex matching network at the coupling 
element feed. 

The second type of antennas, generally proposed for 
handheld terminals covering 700-960MHz and 1.7-2.7GHz is 
a parasitic resonator connected to ground, which is 
capacitively excited by a driven monopole [13-14]. In this 
type of solution, the higher band coverage is generally 
obtained by the driven monopole because of a shorter length 
and the parasitic resonator is responsible for the low 
frequency-band coverage. The parasitic element is generally 
resonant at a single frequency in the low band and has a  
high quality factor; with the currents starting at the driven 
monopole, circulating along this parasitic and returning back 
to the monopole feed. This operating mode does not strongly 
excite the currents on the ground plane. The wideband 
behavior is therefore achieved by exciting the ground plane 
currents with the combination of the resonances of the driven 
monopole and those of the parasitic, and possibly by using a 
matching network. The main drawback of this approach is 
generally the complex 3D geometry, which makes the 
antenna very sensitive to manufacturing tolerances. Another 
drawback is the relatively low radiation efficiency of the 
structure around the resonance frequency of the parasitic, 
owing to the non-proper excitation of the ground plane 
currents. Some complex 3D antenna designs with meander 
lines using a grounded parasitic strip for bandwidth 
enhancement have been already proposed in [15-16]. Similar 

designs covering also the low LTE band have been presented 
in [17-22], where a plastic housing for the antenna is taken 
into account to help decreasing the covered frequency bands 
down to 700MHz. 

In this paper, novel antenna designs for handheld 
terminals to cover 700-960MHz and 1.7-2.7GHz frequency 
bands are presented. The new approach consists of using a 
non-resonant element in combination with a resonant 
antenna. To operate in the 700-960MHz frequency band 
(low-band or LB), a non-resonant coupling element is used 
with an optimized matching network to obtain an "optimally 
overcoupled" wideband input impedance characteristic. The 
coupling element we propose is geometrically different from 
traditional coupling elements that have been proposed to 
date. In fact, the metal region inside a plain coupling element 
is removed to form a "hollow coupling element". With this 
modification, a more space-efficient antenna concept is 
implemented with no performance trade-off. The additional 
space, which is now available, is used to integrate a resonant 
antenna with a separate feed to cover the 1.7-2.7GHz 
frequency band (high-band or HB). 

The port-to-port isolation is maintained at a high level by 
both placing the high-band antenna in a low electric field 
region of the structure and by optimizing the matching 
network of the hollow coupling element to act as a band-stop 
filter in the high-band. The main advantage of this approach 
is the very simple antenna geometry (less sensitivity to 
fabrication tolerances) and the high isolation with a two-feed 
antenna configuration that obviates the need to use a diplexer 
within the RF front-end when simultaneously using the low-
band and high-band as in inter-band carrier aggregation for 
LTE.   

The second section describes in detail the new "hollow 
CE" approach with an antenna height of 3mm on an FR4 
substrate. This antenna topology is modified in Section III to 
obtain a fully printed structure on the FR4 substrate. Section 
IV presents the S-parameter and total efficiency 
measurements when the hand of the user is taken into 
account. Finally we include a summary and draw some 
conclusions in Section V. 

II. THE HOLLOW COUPLING ELEMENT APPROACH 
The proposed approach, which is based on combining a 

non-resonant CE and a resonant antenna is presented in this 
section. The LB coverage is achieved with a 3D CE. The HB 
coverage is then achieved by integrating another antenna 
with a separate feed. 

A. Comparison of the Hollow CE with a Plain CE 
As previously mentioned in the introduction, we originally 

modified the traditional plain CE to obtain a more space-
efficient structure with negligible performance trade-off. 
This approach was recently described by the authors for 
single band antennas covering only the LB 700-960MHz 
frequency band [23-24]. The antenna topologies under study 
can be observed in Fig. 1. 
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Fig. 1. Antenna topologies used for the plain/hollow CE comparison 

 
The plain CE consists of a rectangular metal sheet 

(59×14mm2) located 3mm above the FR4 substrate. The CE 
is fed through a vertical metal strip from the center of the 
PCB. The total PCB dimensions are 114×59×0.8mm3 with a 
ground clearance of 14mm under the CE. For a fair 
comparison, all the PCB dimensions and feeding location are 
kept the same for the hollow CE. The metal region inside the 
plain CE is removed to form the so-called hollow CE, 
leaving only a rectangular ring having a strip width of 1mm. 
The two CEs were simulated with the full wave 
electromagnetic simulator Ansoft HFSS [25]. The simulated 
input impedance of the two CEs are presented in Fig. 2. The 
input impedance of the hollow CE shows a minor deviation 
from the input impedance of the plain CE. The currents 
induced by the CEs on the system ground plane and the E-
field under the CEs at 800MHz are respectively shown in 
Fig. 3 and Fig. 4. For the hollow CE, it is obvious that the 
PCB currents are induced in the longitudinal direction of the 
chassis (fundamental wavemode) as for the plain CE with 
almost the same strength. The E-field distributions in the 
vicinity of the ground plane edge are also similar. However, 
the E-field inside and underneath the hollow CE is weaker 
than the E-field below the plain CE. 

 
Fig. 2. Input impedance of the plain and the hollow CEs (700MHz to 

960MHz) 

 
Fig. 3. Comparison of the currents induced on the PCB by the plain CE 

(top structure) and the hollow CE (bottom structure) at 800MHz 

 
Fig. 4. Comparison of the E-field under the CEs at 800MHz (plain CE on 

left, hollow CE on right) 

 
The Bandwidth Potential of the two CEs is compared with 

the help of the commercial software Optenni Lab [26]. The 
Bandwidth Potential is a realistic value computed from the 
input impedance of each CE (obtained from the full wave 
simulation) which is given for a certain number of matching 
components and a certain threshold for the reflection 
coefficient. Here, we choose to compute the Bandwidth 
Potential for a MN composed of only two lumped elements. 
At every frequency point f0, the software generates a MN to 
match as much frequency points as possible around f0 with a 
reflection coefficient below the threshold, chosen to be -6dB 
here. The frequency interval around f0 which shows a 
reflection coefficient below -6dB is given as the optimized 
Bandwidth Potential (symmetrically around f0). The 
Bandwidth Potential obtained in this manner is more realistic 
than the optimistic theoretical values computed from the 
quality factor. As can be seen in Fig. 5, the Bandwidth 
Potential of the hollow CE is slightly lower than the 
Bandwidth Potential of the plain CE, from 650 to 905 MHz, 
which again proves the equivalence between the plain and 
the hollow CEs. In the center of the 700-960MHz band, the 
obtainable Bandwidth Potential is around 200MHz. It should 
be kept in mind that this Bandwidth Potential value is 
obtained with a MN of two lumped components which is 
foreseen to be increased above 260MHz to cover the full LB 
by using more matching components. 
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Fig. 5. Bandwidth potential comparison of the two CEs 

 

B. Integration of High-Band Antenna within the Hollow CE 
As previously mentioned, the space gained by making the 

plain CE hollow can now be used to integrate a high-band 
antenna. For ease of manufacturing, we decided to focus on a 
fully printed HB antenna design (directly on the FR4 
substrate). Since we observed that the E-field underneath the 
hollow CE was weaker in the center of the hollow region 
(Fig. 4), the HB antenna was placed in this area to obtain 
high port-to-port isolation. It is observed that a wideband 
response at HB is required and the broadband behavior 
cannot be achieved by the HB antenna alone; a beneficial 
coupling with the LB CE is necessary as will be explained 
later in the paper. 

The optimized layout of the proposed antenna can be seen 
in Fig. 6. The total PCB dimensions are 114×59×0.8mm3, 
with a ground clearance region of 59×14mm2, reserved for 
both antennas. The optimized HB antenna is a simple 
monopole which is placed 8.5mm away from the edge of the 
PCB. To tune the hollow CE so as to cover the 700-960MHz 
band, a matching network consisting of four lumped 
components was designed with the Optenni Lab software 
(Fig. 7). The primary goal of this optimization was to 
achieve a reflection coefficient below -6dB between 700-
960MHz. Another goal for this MN was to act as a stop-band 
filter between 1.7-2.7GHz (high reflection coefficient) to 
help in resisting the possible currents from the HB antenna to 
reach the LB antenna port. After the circuit optimization of 
the MN, an additional full-wave optimization was performed 
to account for the existing transmission lines between the 
SMD components, the vias connected to the ground plane 
and the feed point. 

 

 
Fig. 6. Optimized layout of the proposed antenna 

 

 
Fig. 7. Optimized matching network used at the LB antenna feed 

 
The simulated input impedance of the LB antenna alone 

(without the HB antenna) with and without the MN can be 
seen in Fig. 8 from 700MHz to 960MHz. When the HB 
antenna is added, the S-parameters seen in Fig. 9 are 
obtained. The target bands comprising of 700-960MHz and 
1.7-2.7GHz are covered with a simulated reflection 
coefficient below -6dB, except for a small frequency range 
on the lower edge of the HB (1.7-1.75GHz). The port-to-port 
isolation is generally higher than 9dB between 700-960MHz 
with a minimum value of 9.3dB at 740MHz. The port-to-port 
isolation in the high band is greater than 30dB and therefore 
it does not appear in Fig. 9 because of the chosen scale. 

 
Fig. 8. Input impedance of the LB antenna alone with and without MN 

from 700 to 960 MHz 

 
Fig. 9. Simulated and measured S-parameters of the antenna structure 

presented in Fig. 6 

 
 The simulated input impedance of the HB antenna alone 

and the one of the HB with the LB CE are presented in Fig. 
10. It is obvious that the wideband HB response is not due to 
the HB antenna alone. As may be seen from the Smith Chart 
plot in Fig. 10, an additional HB resonance is created 
between 1.7 and 2.7 GHz because of the beneficial coupling 
with the LB CE's higher order modes. This coupling does not 
introduce an isolation problem since the MN of the LB 
antenna is designed on purpose to provide a stop-band 
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behavior from 1.7 to 2.7GHz. Evidence of this phenomenon 
can be found in Fig. 11, where the current distribution on the 
LB CE created by the HB antenna is displayed for different 
frequencies. It is seen that the currents on the HB antenna are 
weaker at 2GHz while the currents on the LB CE are 
stronger, which suggests a high level of coupling. However, 
the current induced on the LB CE are prevented from 
flowing to the LB feed by the LB MN and the port-to-port 
isolation is kept high in this manner. From the behavior of 
the currents at 2.3GHz, we see that the HB antenna is 
strongly excited whereas the coupling to the LB CE is 
relatively weak. 

 
(a) 

 
(b) 

Fig. 10. Simulated input impedance of the HB antenna alone and with the 
LB CE (a) magnitude of the reflection coefficients, (b) input impedance on 
Smith Chart 

 
Fig. 11. Current distributions on the LB CE when the HB antenna port is 

excited at various frequencies: 1.87 GHz, 2 GHz, 2.3 GHz 

 

C. Measurement Results 
The optimized antenna shown in Fig. 6 was fabricated on 

an FR4 substrate (Fig. 12). Fig. 9 and Fig. 13 show that, 
there is a fair agreement between the simulated and 
measured S-parameters. The target bands are indeed covered 
with a reflection coefficient below -6dB.  
 

 
Fig. 12. Pictures of the manufactured antenna prototype 

 
(a) 

 
 (b) 

Fig. 13. Simulated and measured input impedance of the optimized 
antenna presented in Fig. 6 and 12. (a) LB port between 700-960MHz, (b) 
HB port between 1.7-2.7GHz 

 
The total efficiency and the 3D gain patterns have also 

been measured in a Satimo Starlab Station. The total 
efficiency of the proposed antenna in LB and HB are 
presented in Fig. 14(the HB port is loaded with 50Ω when 
the LB efficiency is measured and vice versa). The measured 
total efficiency (including mismatch and component losses) 
in LB varies between -6dB and -2dB (generally higher than -
4dB) and between -4dB and -1dB in HB. Fig. 15 shows a fair 
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agreement between the simulated and measured 3D gain 
patterns. In LB, a dipole-type radiation is observed (as 
expected) since the main radiator is the ground plane. In 
either the LB or HB, no wide-angle deep nulls are seen in the 
radiation patterns which is an important aspect for mobile 
phone communications where the base-station orientation is 
never known in advance. 

 
Fig. 14.  Measured total efficiency of the proposed antenna 

 

 
Fig. 15 Simulated and Measured total Gain radiation pattern in dB for 

different cut planes of the proposed antenna presented in Fig. 6 

 

III. PRINTED HOLLOW COUPLING ELEMENT ANTENNA 

A.  Antenna Design 
The approach presented in Section II for a 3mm height 3D 

hollow CE was then applied to design an antenna-structure, 
which is totally printed on the FR4 substrate. Ease of 
manufacturing and low cost are the main advantages of this 
technological approach (Fig. 16). The main difference 
between the previous antenna structure and the present one is 
the location of the printed HB antenna on the FR4 substrate. 
Since it was not possible to integrate the HB antenna inside 
the printed hollow CE, we placed it at the left side of the 
PCB, where the E-field was simulated to be the weakest. The 
PCB and ground plane dimensions were set to be the same as 
the previous antenna structure. The dimensions of the 
optimized hollow CE were optimized to be 59×4mm2 with a 
strip width of 1mm. Another major difference is also the 
values of the components of the MN. Moreover, a two-
component MN was found to be necessary at the HB antenna 
port. 

 
Fig. 16. 3D and top view of the optimized printed hollow CE antenna 

 
The effect of hollowing out the printed CE, instead of 

using a printed plain CE, was investigated. The comparison 
of the Bandwidth Potential of a printed plain CE and a 
printed hollow CE with identical outer dimensions is shown 
in Fig. 17. In this case, making the printed CE hollow helps 
to cover an extra 25MHz matching bandwidth around the 
center frequency of the LB with a two-element MN (-6dB 
reflection coefficient). This is mainly due to the ring-shape 
of the hollow CE, which provides an inductive effect on its 
input impedance. 

 
Fig. 17. Bandwidth Potential of a plain and hollow CE in 2D printed 

configuration (outer dimensions are 59×4mm2) 

 
 The MNs for both the LB and HB antenna ports were 

designed with Optenni Lab software (Fig. 18). For the 
optimization of the LB antenna, it was desired to have a 
band-pass behavior between 700 and 960MHz and a band-
stop effect from 1.7 to 2.7GHz. Complementary goals were 
assigned for the HB MN to achieve even higher LB isolation 
than the 9 dBs obtained with the previous 3D antenna. The 
component values were then fine-tuned with the full-wave 
electromagnetic simulator by taking the linking transmission 
lines and vias into account. 

 

  
(a) 
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(b) 

 
Fig. 18. MN topologies and component values for (a) LB and (b) HB 

ports 

 
The simulated input impedance of the printed CE alone 

can be seen in Fig. 19 with and without the MN. The 
simulated S-parameters for the entire structure, including the 
HB antenna, are presented in Fig. 20. The target frequency 
bands are covered with a reflection coefficient below -6dB 
except for an overshoot between 700 and 720MHz. The 
achieved isolation level is greater than 23dB in both bands, 
which is a consequence of both the antenna placement and 
the band-stop behavior of the two MN’s. 

 
Fig. 19. Simulated input impedance of the printed CE alone with and 

without MN 

 
Fig. 20 Simulated and measured S-parameters of the printed antenna 

structure presented in Fig. 16 

 
 To explain the wideband behavior of the HB antenna, 

we plotted its input impedances alone, as well as associated 
with the LB CE (Fig. 21). Additional resonances are created 
from the coupling between this HB antenna and the LB CE. 
For instance, the HB antenna is strongly excited at 1.8GHz 
(Fig. 22) whereas  the excitation is lower with a larger 
coupling with the LB CE at 2.5GHz. Although there exists 
some coupling between both antennas at different 
frequencies, a high isolation is still maintained with the help 
of the band-stop characteristics of the MNs. 

 
(a) 

 

 
(b) 

Fig. 21. Simulated input impedance of the HB antenna alone and with the 
LB CE (a) magnitude of the reflection coefficients, (b) input impedance on 
Smith Chart 

 

 
Fig. 22. Current distribution on the LB CE when the HB antenna port is 

excited at various frequencies: 1.8 GHz, 1.95 GHz, 2.5 GHz 

 

B. Measurement Results 
The printed antenna structure has been fabricated on an 

FR4 substrate (Fig. 23). The comparison of the simulated 
and measured S-parameters are shown in Fig. 20 and on 
Smith Chart in Fig. 24. There is a fair agreement between the 
simulated and measured results. The proposed printed 
antenna can cover the target bands with a measured 
reflection coefficient below -6dB except for the frequency 
interval of 700-720MHz and also with a small overshoot up 
to -5.5dB around 850MHz.  
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Fig. 23. Manufactured printed antenna prototype presented in Fig. 16 

 

 
(a) 

 
 (b) 

Fig. 24. Simulated and measured input impedance of the optimized 
printed antenna presented in Fig. 16 and 23 (a) LB port 700-960MHz, (b) 
HB port 1.7-2.7GHz 

 
 The total efficiency was measured to vary from -5dB to 

-1.5dB in the LB and from -4dB to -1.2dB in the HB. The 
simulated and measured 3D gain radiation patterns are also 
in good agreement, as seen from Fig. 26. 

 

 
Fig. 25. Measured total efficiency of the printed antenna  

 

 
Fig. 26. Simulated and Measured 3D Gain patterns (Total in dB) of the 

antenna from Fig. 23 in different cut planes  

IV. EFFECT OF THE USER'S HAND 
To see the effect of the user’s hand on the two proposed 

antenna topologies, both S-parameter and total efficiency 
measurements were carried out with a CTIA hand phantom. 
The measurement setups for the S-parameter and total 
efficiency measurements are presented in Fig. 27.  

 

 
(a)               (b) 

Fig. 27. Pictures of the measurements with CTIA hand phantom (a) S-
parameter configuration, (b) total efficiency configuration 

 
 Two holding configurations were tested for the S-

parameter and efficiency measurements as the “bottom 
configuration”, depicted in Fig. 27, where the antenna is 
located at the bottom of the PCB facing the palm and the 
“top configuration” where the antenna is located at the top of 
the PCB facing the index finger. 

8 
 



Forum for Electromagnetic Research Methods and Application Technologies (FERMAT) 
 
For the first antenna structure presented in Section II, the 

S-parameter and total efficiency measurements can be seen 
in Fig. 28 and Fig. 29. The S-parameter detuning, due to the 
presence of the hand is more effective in the LB, observed as 
a resonance shift towards the lower frequencies when 
compared to the free space (FS) case. The measured total 
efficiency in the LB is found to be around -6dB for “top 
configuration” and -7.5dB for “bottom configuration”. The 
efficiency decrease is higher in this “bottom configuration” 
since the antenna directly faces the lossy palm. In “top 
configuration”, only the index finger is in the vicinity of the 
antenna, hence the efficiency decrease is lower.  

 
Fig. 28. Measured S-parameters for the 3D antenna with and without the 

hand of the user (and also free space) 

 
Fig. 29. Measured total efficiency for the 3D antenna with and without 

the hand (and also free space) 

 
 Measurement results for the printed antenna are 

presented in Fig. 30 and Fig. 31. The same frequency shift 
toward the low frequencies can be observed. The LB total 
efficiency is found to be around -6dB in “top configuration” 
and -8.5dB in “bottom configuration”. The efficiency 
decrease is again higher for the “bottom configuration”, as 
expected. 

 
Fig. 30. Measured s-parameters for the printed antenna with and without 

the hand of the user (and also free space) 

 
Fig. 31. Measured total efficiency for the printed antenna with and 

without the hand of the user (and also free space) 

V. CONCLUSIONS 
A novel approach for antenna designs targeting 700-

960MHz and 1.7-2.7GHz operation in handheld terminals 
has been presented in this paper. This approach consists of 
using a CE which is made hollow by removing the metal 
inside for 700-960MHz coverage with negligible 
performance trade-off. In this way, the space inside and 
underneath the CE is made available for the integration of 
another antenna to cover the 1.7-2.7GHz band, with a 
separate feed. To achieve high port-to-port isolation, the HB 
antenna is placed in a weak E-field region and also the MNs 
are optimized to ensure band-stop behavior in the operating 
frequency of the neighbor antenna. Using this methodology, 
two antenna structures were designed and fabricated, one 
with a 3mm height CE and the other with a printed CE. For 
both prototypes, it was shown that the antennas can cover the 
target bands with -6dB reflection coefficient. The total 
efficiency measurements in free-space were also carried out 
in a Satimo Starlab station, showing efficiencies up to -2dB 
and -1.5dB in the LB and HB, respectively. Finally, to 
investigate the effect of the user’s hand on the S-parameter 
and total efficiency, measurements were performed with a 
CTIA hand phantom showing a reasonable detuning and 
acceptable total efficiency which demonstrates the interest 
for our novel concepts. It is wortwhile emphasizing that the 
second fully-printed structure has a very simple shape and 
less sensitivity to manufacturing tolerances which is 
definitely very desirable for mass production at low cost. 
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